Corrosion, the degradation of metals and alloys by chemical and/or electrochemical means, is a great challenge to the society, its industries and its citizens, both in terms of economics, safety and health. Corrosion barrier technology can be regarded as a special case of more general problem of preventing the transport of matter towards a certain target. For instance, many electronic devices based on organic compounds, such as OLEDs and organic solar cells, deteriorate rapidly in air due to reaction with oxygen and water vapour. Likewise, air exposure will cause food to alter its taste, colour and/or texture. A common solution for this type of problem is to use a barrier layer that limits or blocks the transport of corrosive or oxidative species from the environment to the target. Graphene as well as several other twodimensional materials have excellent impermeability, high mechanical properties, and chemical and thermal stability. While graphene has been proposed as barrier coating for a range of scenarios, graphene-based barrier layers face a number of limitations and challenges that must be considered, depending on the application. In this review, we present a comprehensive overview of these potential roadblocks for graphene-based coatings -and related two-dimensional materials -to aid research in this direction, and promote the development of ubiquitous, cheap and powerful barrier technologies based on such ultrathin materials.
Introduction
Metals and alloys can undergo a series of spontaneous reactions with the environment that irreversibly alter their chemical and physical properties. Material is lost, colour and appearance change, mechanical properties deteriorate; and eventually these metallic parts cannot function anymore. At best, they need to be replaced, which is very costly and time consuming. In the worst case, material degradation causes damage to humans, animals, property or to the environment. This process of gradual degradation of metals and alloys by chemical or electrochemical reactions with the environment is known as corrosion.
In a study called the International Measures of Prevention, Application, and Economics of Corrosion Technologies (IMPACT), NACE International, the worldwide corrosion authority with headquarter in Houston (Texas, USA), estimated the global cost of corrosion to be US $ 2.5 trillion, which is equivalent to 3.4 % of the global Gross Domestic Product for 2013 (Gerhardus Koch, 2016) . There is obviously great societal and technological interest in developing novel and more efficient solutions and materials that can limit or prevent corrosion, and its detrimental consequences.
For these reasons, a plethora of approaches for corrosion protection exists, including for instance surface pre-treatment, anticorrosive coatings, cathodic protection, anodic protection and corrosion inhibitors (Cottis, 2010 , Revie, 2008 , Shreir, 2013 . Anticorrosive coatings, in particular, are applied on the surface of items in order to protect them from the environment (Sørensen et al., 2009a) . These coatings may be comprised of several layers that each contribute a different functionality. At least one of these is a barrier layer (Twite and Bierwagen, 1998) , with the task of separating the metallic part from the external environment. In a broader perspective, the prevention of chemical/electrochemical degradation by barrier coatings is of tremendous importance, not only when it comes to protection of metals and alloys, but for instance for food packaging as well (Nakaya et al., 2015) .
When graphene -an atomically thin sheet of carbon atoms arranged in a honeycomb lattice -was first isolated at the University of Manchester in the UK (Novoselov et al., 2004) , much of the attention went towards the unique electric properties of this new material. At first, it was far from obvious that graphene could have any relevance for corrosion science; especially because graphene at the time was obtained exclusively through mechanical exfoliation, a low throughput, non-scalable method that delivers graphene flakes less than 0.1 mm in size. However, the discovery in 2008 (Bunch et al., 2008) that graphene is impermeable to all gas molecules even as small as hydrogen and helium, along with the first demonstrations, in 2009, of the synthesis of large-area graphene on copper foils via chemical vapour deposition (CVD) (Li et al., 2009) , fundamentally changed this scenario ( Figure 1 ). With its excellent mechanical properties (Shinohara and Tiwari, 2015) , chemical inertness and stability, complete impermeability (Bunch et al., 2008) and the possibility of being produced in large areas from cheap precursors (Li et al., 2009) , the potential of graphene to be used as a barrier technology has been deemed significant (Böhm, 2014b) . (Bae et al., 2010) . c) Monolayer, defect-free graphene is impermeable to all gases and can be used to effectively seal off a microchamber fabricated in a Si chip. Reprinted from Ref. (Bunch et al., 2008) . d) Nanoindentation experiment performed on suspended graphene membrane by means of an atomic force microscope tip. Modified from Ref. (Lee et al., 2008) .
In one of the first reports indicating the corrosion resistant properties of graphene (Sreevatsa et al., 2009) , the authors measured the surface potential of steel protected by a p-n junction with or without a graphene layer between the junction and the metal. The interest in graphene playing a role in an anticorrosive coating, however, was ultimately triggered by the seminal paper by Chen et al. (Chen et al., 2011a ) that unambiguously demonstrated the ability of a graphene coating to protect metals from reactive environments over relatively short time scales. The authors deposited graphene directly on copper and copper/nickel alloys by chemical vapour deposition and measured the ability of the graphene layer to protect the same substrates. These samples, along with the corresponding bare metal substrates, were either heated in an oven for 4 h at 200 ˚C in laboratory air, or immersed into a solution of 30% (weight/weight) hydrogen peroxide for 45 min. The graphene-coated samples were observed to be less corroded than their bare counterparts in all tested environments. The authors attributed this difference to the impermeability of graphene, observing that the intimate contact between graphene and the growth catalyst made it difficult for oxidizing and reactive agents like water and oxygen to reach the underlying metal surface. The stability and excellent barrier properties of graphene comprise the main reason for numerous studies of its potential as a corrosion prevention technology.
Although the first research articles on graphene for corrosion technology appeared later than those in other mainstream fields (e.g., transistor, gas sensor and spintronics), the number of citations is growing at a high rate (Figure 2 ), demonstrating the quickly growing interest of the graphene community for barriers and corrosion protection. Numerous reviews and articles discuss the general use of graphene as corrosion barriers (Böhm, 2014a , Gergely, 2018 , Nine et al., 2015a . In this topical review, we focus on the technological and scientific challenges associated with the use of continuous 2D materials (thin films) as barrier coatings for corrosion protection of metals and alloys. The review focuses primarily on graphene and hexagonal boron nitride (hBN). We target researchers in academic and industrial environments, working on or interested in barrier coatings based on twodimensional materials. The purpose is to point out the pitfalls, roadblocks and opportunities garnered ours and others research in the topic, as well as to point to areas that are in need of more systematic investigation for graphene barriers to realise their technological potential.
Anticorrosive coatings based on materials derived from bulk graphene, such as graphene oxide, reduced graphene oxide, colloidal graphene (or colloidal hBN) and fluorographene, are not considered here since previous works have already reviewed some of these systems (Yoo et al., 2014 , Nine et al., 2015b .
The challenges that 2D material-based coatings must face are divided into three categories ( Figure 3) ;  Challenges related to the deposition of such coatings on realistic substrates either directly by synthesis or by transfer from a remote catalytic substrate. These challenges specifically involve direct growth on alloys; and growth/transfer on large, curved or rough surfaces.  Phenomena that induce failure of such ultra-thin coatings -for instance, poor adhesion and delamination, galvanic corrosion, damage induced by wear and friction.  Challenges related to the upscaling that 2D material-based coatings face on the path from laboratory to industry. Figure 3 . Overview of the challenges that 2D material-based coatings face. We have grouped these challenges into three categories, namely fabrication, failure and application challenges. These will be further discussed in the text.
Fabrication

Direct synthesis on target metals
The most straightforward way to cover a metal subject with a graphene-based coating is simply to synthesise the graphene film directly on its surface. Since the report by Li et al. (Li et al., 2009) , chemical vapor deposition (CVD) has become by far the most used technique for the growth of high quality graphene on large areas (Singh et al., 2011 , Deng et al., Lin et al., 2018 . The CVD technologies available today make it possible to grow uniform graphene sheets of high quality on wafer-scale (Tao et al., 2012 , Luo et al., 2011 . In short, the exposure of a hot metal surface to a hydrocarbon gas for a time-span ranging from minutes to hours leads to the formation of a continuous graphene film on the surface. In fact, any carbon-containing gas, vapour precursors or even solid may be used (Ruan et al., 2011) . The metals most commonly used are copper and nickel, with typical growth temperatures around 800-1050 °C (Zhang et al., 2013c, Muñoz and Gómez-Aleixandre, 2013 ). In general, higher temperatures lead to higher structural quality of the synthesized graphene sheet, at the cost of increased catalyst evaporation.
While the necessity for high temperatures adds to the cost and environmental footprint of many applications of graphene due to the high energy consumption, it is particularly problematic when it comes to using graphene as a protective coating for alloys. Alloys such as steels are irreplaceable in many industries and application -from maritime to offshore, from chemical and oil to construction and transport industry -and generally do not withstand the high temperatures needed for high quality graphene synthesis via CVD process. These alloys may for instance undergo thermally induced segregation when heated for prolonged times, which subsequently leads to unwanted alteration of their microstructure and ultimately physical properties essential for their performance (Chen et al., 2011b , Blesman et al., 2015 , Hong et al., 2015 , Zhang et al., 2013a . Few works have addressed the lowtemperature growth of high quality graphene on pure metals, like copper or nickel. With hydrocarbon precursors, plasma-enhanced CVD graphene films can be grown at temperatures in the range of 300 -400 ˚C. Raman spectroscopy, however, showed that the films were of quite low quality (Kim et al., 2011a) . One approach towards improving the quality is to modify the catalytic properties of the substrate. For instance, using an Au-Ni alloy instead of pure Ni enables the growth of graphene of reasonable graphitic quality at temperatures as low as 450 ˚C, as assessed by Raman spectroscopy (Weatherup et al., 2011) . This approach, however, is generally not practical for alloys such as steel, as the addition of another metal to the alloy is likely to change the mechanical and chemical properties of the alloy, as well as increasing production costs. Sun et al. (Sun et al., 2010) lowered the growth temperature from 1000 ˚C to 800 ˚C by using solid precursors instead of the standard hydrocarbon gases.
In any case, such temperatures are still too high for all commonly used alloys. More recently, Li et al. showed that if liquid precursors such as benzene are used, high quality monolayer graphene flakes can be synthesized at temperature as low as 300 ˚C (Li et al., 2011) . Benzene consists of six carbon atoms in a ring, which in this case plays the role of a primary building block for graphene. Benzene molecules need only dehydrogenate and connect to each other in order to form larger graphene sheets. Since this synthesis process does not involve the breaking of C-C bonds, the assembly of the honeycomb lattice can take place at much lower temperatures. Nevertheless, the authors still used a pre-growth substrate annealing of 1000 ˚C, and hence the proposed approach is still not free of high-temperature steps.
Wu et al. used a two-step approach to lower the temperature growth to 300 ˚C (Wu et al., 2013) . They made use of naphthalene as a solid precursor, after first depositing a film of coronene -a sevenbenzene-ring molecule -on the copper substrate. In this approach, the authors propose that coronene molecules on the copper surface serve as seeds by providing preferred nucleation sites to which the absorbed naphthalene molecules can attach more easily, eventually creating larger graphene domains. In this way multiple nucleation is suppressed, which was observed to have a positive impact on the quality of the resulting graphene sheet.
Following a similar approach, we recently demonstrated that graphene-like coatings can be synthesized on industrial-grade Inconel surfaces from a molecular coronene precursor at a temperatures of 350 ˚C (Figure 4 ) (Jon Iversen, 2018) . The result is a multilayer coating consisting of inter-stitched µm-sized graphene crystals exhibiting a strong sp 2 component, as observed by X-ray photoelectron spectroscopy (XPS) measurements. The corrosion performance of the graphene-coated Inconel samples was compared to uncoated samples, and was assessed by polarization curve measurements, also termed potentiodynamic scans, PDS, under immersion in 5 wt% HCl. A Tafel analysis was performed to extract values of the corrosion rate. Our graphene coating on the Inconel substrate was observed to reduce corrosion rates from 170 µm/year for the uncoated samples to 0.3 µm/year for the coated areas, with little change between the values for samples exposed to 5 wt% HCl for 1 or 40 days (Jon Iversen, 2018) While PDS is widely used for evaluating the performance of 2D material-based coatings (Prasai et al., 2012 , Singh Raman et al., 2012 , Aneja et al., 2015 , Sahu et al., 2013 , Huh et al., 2014 , Husain et al., 2013 , we want to point out that the results of PDS experiments performed on coated metals should be used with caution. It is not straightforward to evaluate the corrosion rate from PDS measurements via the Tafel extrapolation method for coated systems, since this method assumes activation control (McCafferty, 2005) , i.e. that electron transfer is the rate limiting step leading to corrosion. This is not the case for a coated material, where the limiting step is diffusion of reactive species through the coating barrier, with the assumption that reactions do not take place at the barrier. We suggest electrochemical impedance spectroscopy (EIS) in combination with PDS as a more reliable choice to test the effectiveness of graphene coatings. While we included EIS measurements in our study on Inconel, we quote the PDS measurements here to allow the reader compare to other studies, while bearing in mind that this approach has its limitations. 
Transfer onto target metals
Although direct growth of graphene on Inconel and different types of steel can be achieved using lowtemperature methods, there is not yet any evidence that it will work for other classes of industrially relevant alloys, such as aluminium-based alloys. Aluminium alloys find wide application in the aerospace industry. In this case, growing graphene sheets on a suitable catalyst substrate and then mechanically transferring these onto the target metal substrate could be a viable solution to extend the applicability of CVD graphene for anticorrosive coatings. Prasai et al. (Prasai et al., 2012) demonstrated the use of protective coatings made by transfer of continuous graphene films, and evaluated the corrosion inhibition performance of three sets of samples, (i) copper and (ii) nickel covered by as-grown CVD graphene, and (iii) nickel coated with graphene grown on copper first and then mechanically transferred onto nickel. (Chen et al., 2011a (Prasai et al., 2012) .
The authors found that the corrosion rates of copper and nickel when protected by as-grown graphene were reduced by 7 and 20 times, respectively, if compared to the bare metal counterparts (Figure 5b ). On the other hand, when CVD graphene layers are transferred onto nickel, the reduction in corrosion rate was not as effective. This was attributed to tears and rips in the graphene film that may have resulted from the transfer process and provided a passage for corrosive species to diffuse toward the metal surface. Later studies confirmed that graphene coatings grown directly on a metal outperform mechanically transferred graphene (Mišković-Stanković et al., 2014) . Besides the damage inflicted to graphene by the mechanical transfer, the problem with transferred graphene coatings is the weak adhesion to the target metal surface, which, over time, causes delamination of the coating (Ye et al., 2015) . This is partially due to the intrinsic surface roughness of the target subject; the smoother the surface, the stronger the adhesion with the graphene sheet. This is in contrast to some types of conventional coatings, where surface roughness may be increased by etching or blast cleaning (Hagen et al., 2016) to anchor the coating, increasing contact area and slowing down cathodic delamination (Sørensen et al., 2009b) . For chemically inert coatings like graphene that do not spontaneously form chemical bonds with the substrate, a nitric acid treatment of the metal substrate before transfer can make it smoother and thereby improve adhesion between metal and coating . Strong graphene-metal interaction is essential to achieve effective long-term protection of the metal (Weatherup et al., 2015) , and even though using transferred graphene could expand the applicability of CVD graphene to a larger range of substrates, poor adhesion still remains a serious roadblock.
The adhesion can be improved by chemical functionalization of graphene that induces bond formation between the substrate and the graphene layer (see Section 3.4) or by the inclusion of a suitable adhesive spacer layer placed between the graphene barrier layer and the target substrate, which we will discuss in the following section.
Hybrid coatings
As mentioned above, an approach to improve the adhesion between a graphene barrier layer and the substrate is to introduce an adhesive polymer between them. In extension of this basic concept, we developed a hybrid polymer-graphene coating architecture that improves the adhesion to the substrate, while also addressing several other problematic issues, such as galvanic corrosion (see Section 3.5). The hybrid coating is fabricated by inserting graphene sheets between layers of polymer. Similar polymer-graphene sandwich structures have been previously employed for electromagnetic shielding applications (Batrakov et al., 2014) .
In our study, we used a polyvinyl butyral (PVB) coating applied to a commercial aerospace aluminum alloy (AA2024). PVB is often used with AA2024 for corrosion protection, and is commonly quoted as an excellent corrosion protector of diverse metals, with the PVB market expected to reach 4 billion USD by 2024 (source: Grand View Research). We compared the effect of immersion in simulated seawater on uncoated AA2024, AA2024 coated with pure PVB coatings, and AA2024 coated with graphene-PVB hybrid coatings.
Specifically, we observed that the hybrid coating with two graphene layers embedded in a PVB film (i.e., the graphene-PVB hybrid coating) entirely suppressed corrosion of the substrate, showing no change of the surface even after 120 days of immersion. On the other hand, AA2024 coated with a graphene-free polymer coating of the same thickness, and fabricated in the same way, suffered from heavy corrosion after 30 days of immersion .
Additional electrochemical tests confirmed this result. In Figure 6a , electrochemical impedance spectroscopy data show that while the magnitude of the low frequency impedance (|Z| 0.01Hz ) of a sample coated with graphene-free polymer coating drops by two orders of magnitude after just 30 days of immersion, both of the two-layer graphene hybrid coatings keep a high value of |Z| 0.01Hz ~ 10 9 Ω cm 2 , even after 120 days of immersion. This value is five orders of magnitude larger than the value for bare AA2024. PDS measurements showed similar positive impacts of the hybrid coating as illustrated in Figure 6b .
Bearing in mind the limits of the PDS technique, the corrosion rate of the sample with graphene-free coating changed from 20 nm/year after 1 day of immersion, to 300 nm/year after 30 days of immersion, indicating degradation of the corrosion inhibition performance of this coating. In contrast, the sample coated with the polymer-graphene hybrid had a low corrosion rate below 2 nm/year both before and after 120 days immersion. This study clearly demonstrates the dramatic improvement to the barrier properties of a polymer coating provided by inclusion of atomically-thin graphene layers . To the best of our knowledge, this study is also the first reported example of medium/long-term corrosion protection achieved with continuous graphene sheets. Tests on other industrially relevant alloys, like brass and steel, also showed the hybrid coating to provide effective protection against corrosive species.
Due to the inner polymer layer acting as an adhesive binder between the atomically thin graphene sheet and the metal surface, the hybrid coating approach also allows application of such coating to curved and rough surfaces. With a mechanically stronger carrier foil, this approach could be expanded to cover a much wider range of barrier foil applications, i.e. in food packaging and in preventing gas diffusion in gas containers or in stratospheric balloons, which for the smaller molecules like H 2 and He is a serious challenge.
Figure 6 a) EIS results of bare AA after 1 day (black), AA coated by three polymer films (AA-ppp) after 1 day (red +) and 30 days (red X), AA coated by three polymer films and two graphene layers (AA-pGpGp) after 1 day (blue triangle), 30 days (blue circle) and 120 days (blue star) of immersion in 3.5% NaCl solution. Inset at top right is a magnified plot of the curves for the pGpGp system at low frequency. Schematic insets illustrating the diffusion pathway of corrosive species in the graphene enhanced coating (pGpGp) and the bare polymer (ppp) coatings are shown. b) Polarization curves of bare AA after 1 day (black), AA-ppp after 1 day and 30 days (red), AA-pGpGp after 1 day, 30 days and 120 days of immersion in 3.5% NaCl solution.
Modified from Ref. 3 Failure modes
Structural defects, grain boundaries and wrinkles
By being impermeable to any molecule, continuous and defect-free graphene represents the ultimate barrier layer because the substrate is kept indefinitely separated from the corrosive environment; thus, a single continuous layer of graphene in principle should never fail even in the most corrosive conditions. Although the quality of CVD graphene has been continuously improving over the years towards centimetre-size single-crystal graphene domains (Li et al., 2015) , it is not defect free.
Grain boundaries formed where graphene crystallites merge can provide pathways that corrosive and oxidizing species can use to pass through a graphene sheet and reach the metal underneath (Chen et al., 2011a , Duong et al., 2012 . Wrinkles can form spontaneously during growth, to release stress caused by the differing thermal expansion coefficients (Chae et al., 2009) , or by the mechanical stresses involved in the transfer process. Such wrinkles contribute significantly to the degeneration of resistance to oxidation provided by graphene coatings (Zhang et al., 2013b , Zhang et al., 2014a , in particular at high temperatures (Zhang et al., 2014b) . Additionally, even in the absence of boundaries or wrinkles, defects tend to be found near nucleation points of every graphene crystallite . These defects are weak points in the barrier layer, and can trigger oxidation of the underlying copper foil upon annealing in air at high temperature (Luo et al., 2016) . Generally, defects are reactive sites; they are also soft targets for chemical etching of graphene (Luo et al., 2017) as well as nucleation sites for growth of additional layers (Zhou et al., 2013b) .
Healing of defects
A few strategies have been proposed in order to deal with the challenges associated with the presence of defects in coatings made of continuous CVD graphene. For instance, if the intrinsic graphene defects (such as structural defects and grain boundaries) were "healed" or at least passivated, the oxidizing and corrosive species would not be able to pass through the graphene barrier layer and the underlying metal would remain protected. Hsieh et al. (Hsieh et al., 2013) used aluminium oxide deposited via atomic layer deposition to passivate nanometre-sized structural defects of CVD graphene grown on copper. During the deposition, aluminium oxide islands were reported to form selectively on graphene defects, as the defects lower the free energy for nucleation (Figure 7a-d ). After such a site-selective passivation step, permeation through graphene was almost completely suppressed and the graphene coating yielded corrosion inhibition efficiency higher than 99%, comparable to the best reported copper corrosion inhibitors (Hobbins and Roberts, 1983) . Nevertheless, further studies are still required, especially to test the long-term performance of such coatings. Furthermore, atomic layer deposition is too costly and cannot be easily scaled up, making it difficult to envision the use of such a strategy at an industrial scale.
Multilayer barriers
Using a coating made of many graphene layers instead of only one or few is another strategy to passivate graphene defects, and to slow down diffusion of corrosive species towards the coated metal surface. As an example, a multilayer graphene coating was used to successfully protect stainless steel in simulated seawater (3.5% NaCl solution) (Stoot et al., 2015 , Pu et al., 2015 . In the work by Stoot et al. (Stoot et al., 2015) , a 150 µm-thick nickel film was electroplated on top of stainless steel 304 (SS), with graphene deposited on top via a CVD process. Owing to the high carbon solid solubility at elevated temperatures, nickel favours the growth of multilayer graphene when used as the growth substrate (Zhang et al., 2013c) . Taking advantage of this, a continuous graphene coating with a thickness of 25-40 nm (which corresponds to 75-120 graphene layers) was synthesized on the Ni-electroplated SS substrates. A coated and a reference uncoated sample were both immersed in boiling simulated seawater for 504 hours. In this test, called the Atlas cell test, the sample is mounted such that one half is immersed in the boiling liquid phase, while the other half is exposed to the hot vapour. Additionally, while the front part of the sample is at 100 ˚C, the backside is exposed to room temperature, which creates a temperature gradient across the system that tests the integrity and adhesion of the coating in several ways. Many polymeric coatings fail during such a test because of either poor barrier or adhesion properties. Water molecules slowly diffuse through the polymer film and eventually condense at the interface between the coating and the metal substrate, thus generating blisters that induce coating delamination. In our study, when comparing the coated and the uncoated samples by optical inspection before and after the Atlas cell test, the coated specimen remained pristine while the uncoated specimen was heavily corroded, with Ni oxides visible as both green and black deposits, especially on the side exposed to vapour, see Figure 7e -h. These visual findings were confirmed by energy dispersive x-ray spectroscopy (EDS) measurements performed on both samples after the corrosion test. Oxygen was detected in the uncoated sample, whereas it was absent in the coated one. Furthermore, the multilayer graphene coating was not degraded by the harsh test as assessed by Raman spectroscopy measurements (Stoot et al., 2015) . (Hsieh et al., 2013) . e-h) Optical images of stainless steel disks with a nickel seed layer on top. e) and f) show a disk with and without a multilayer graphene coating on top, respectively. g) and h) display the disks in e) and f) after having been half immersed in boiling simulated seawater. The graphene-uncoated sample is highly corroded, especially in the vapour side (highlighted by the scratch at the edge of the sample) due to the higher oxygen concentration than in the liquid phase. Taken from Ref. (Stoot et al., 2015) .
CVD-grown multilayer graphene has also proven effective as an anti-oxidation barrier. Ming and coworkers used multilayer graphene to protect nickel foils from oxidation in simulated primary water of pressurized water reactors (Ming et al., 2014) . Nickel is one of the main components of the alloys used to make tubes in steam generators in such reactors. Any oxide film formed on the surface of such alloys is detrimental as it can (i) decrease the heat transfer efficiency of the tube, which correspondingly increases the management cost of nuclear power plants, and (ii) lead to the formation and propagation of cracks, endangering mechanical stability. Ming et al. showed that the multilayer graphene-coated nickel foil showed no obvious sign of oxidation after immersion for 1000 h. Moreover, the test did not alter the structural quality of the graphene film, as assessed by Raman spectroscopy (Ming et al., 2014) .
In a recent report, density functional theory (DFT) calculations was used to explain the superior barrier properties of multilayer graphene in comparison with single layer (Zhang et al., 2018) . Two different scenarios were considered; one where defects in the individual graphene layers overlap with each other, and one where they do not. In the first scenario, the overlapping defects form a steric hindrance that suppresses oxygen diffusion in the vertical direction, whereas in the second scenario the potential energy barrier for interlayer diffusion is sufficiently high to cause oxygen diffusion in the horizontal direction to become the limiting step.
In the case of impermeable multilayer graphene coatings grown directly on nickel by means of CVD, it seems that under certain environmental conditions, the coating would fail dramatically even over relatively short time scale. Being impermeable to all molecules, and chemically stable at room temperature, graphene barriers are expected to protect metal substrates even in corrosive environments that are harsher than simulated seawater, for instance acids. However, we have recently suggested otherwise. When we placed a droplet of 0.5 M HCl on top of a multilayer graphene-coated nickel foil, after 5 minutes we observed blisters of 10-20 μm in diameter developing between the coating and the nickel surface (Yu et al., 2016) . These small blisters increased in size over time and merged with each other. After two hours, blisters with diameters of hundreds of micron were present on the surface. The process continued until the multilayer graphene coating completely delaminated from the nickel foil. We observed such behavior also with other acids, such as H 2 SO 4 and HNO 3, at the same concentration. We proposed these blisters to be hydrogen bubbles (Agmon, 1995) . Owing to the low pH environment (i.e. pH = 0.3 for 0.5 M HCl), protons in the acid solution reaching the nickel surface would lead to spontaneous hydrogen evolution (Pourbaix and Staehle, 1973) , according to the reaction:
In particular, since wrinkles can run through the whole coating (Chae et al., 2009) , from the top to the bottom graphene layer, and are likely to contain a number of defects due to their curvature, we considered the possibility of acid leaking through in such regions, hence reaching the Ni surface (Yivlialin et al., 2018) . Although grain boundaries in different graphene layers do not necessarily overlap, they cannot be excluded (Hong et al., 2014 , Ambrosi et al., 2013 .
Moreover, the fast formation of hydrogen bubbles could also be partially explained in light of recent DFT calculations showing that the hydrogen evolution reaction (HER) rate of graphene-coated nickel is significantly higher than that of bare nickel, and comparable to that of platinum (Zhou et al., 2016) .
In this scenario, the multilayer graphene coating prevents as-formed hydrogen from escaping the coating fast enough. The continuously generated hydrogen creates bubbles under the coating that are prevented from deflation because the few defective areas within the graphene film are fully or partially clogged by the liquid media, eventually causing mechanical damage or even delamination of the graphene as was observed experimentally.
Intercalation
In sections 3.2 and 3.3 means to reduce the diffusion rate of reactive species through defects in a graphene-based barrier layer were discussed. Intercalation relates to the migration of species at the target-graphene interface, once those species reach that interface by diffusion through defects and discontinuities. This section examines the processes that can hinder intercalation.
When a graphene coating is grown directly on a metal, intercalation is often governed by the strength of the graphene-metal interaction combined with the affinity of the protected metal towards the corrosive species. For example, when copper is the growth substrate, water and oxygen can intercalate over time (Kidambi et al., 2013) . We have investigated the intercalation properties of several gaseous species beneath graphene coatings grown via CVD on Pt(100). The experiments showed that the coating offered protection against intercalation of O 2 (Figure 8a-c) , H 2 S, air (tested up to 6 months at room temperature), water (tested up to 75 min at 60 o C) and salt water (tested up to 75 min at room temperature) (Nilsson et al., 2012 , Nilsson et al., 2013 , Kyhl et al., 2015 . For Pt and Ni substrates intercalation seems not to take place at all for water or oxygen (Nilsson et al., 2012 , Weatherup et al., 2015 .
However, intercalation beneath graphene on Pt was observed for CO at pressures above 10 -6 mbar (Nilsson et al., 2012) , for sequential O 2 /H 2 S exposure (Nilsson et al., 2013) , and for salt water at 60 o C (Kyhl et al., 2015) . In the case of hot saltwater, a degradation of the graphene layer itself was also observed in parallel with enhanced intercalation (Figure 8d ). In the case of CO, and in the case of sequential O 2 and H 2 S exposure, the graphene layer remained intact, while the reactant species intercalated at the graphene-metal interface. In the particular case of CO, intercalation was reported to occur as soon as the differential pressure of CO was sufficiently high to allow the formation of a high density CO adsorbent phase on the platinum substrate (Longwitz et al., 2004) .
Figure 8. a) Atomic resolution STM image, showing the linear pattern characteristic of a clean reconstructed Pt(100) surface. b) STM image of a graphene covered Pt(100) surface, with both the linear pattern from the clean Pt surface and the hexagonal pattern from the graphene lattice visible. The inset highlights the graphene hexagonal lattice. c) STM image of a Pt(100) surface, partly covered with graphene and then exposed to O 2 . The graphene covered part of the surface retains the linear pattern characteristic of unreacted Pt(100) while the uncovered part of the surface has reacted to produce an erratic island-like pattern. Modified from ref 61. d) A series of Raman spectra recorded on graphene covered Pt(100) surfaces exposed to a range of corroding environments. Only the system exposed to hot saltwater produces any change in the characteristic graphene spectrum. This shift indicates that the graphene coating has been compromised and the underlying Pt metal has reacted with the environment. Modified from ref 63.
Similar complexity is observed in a number of other graphene-metal systems. On graphene-coated Ir(111), oxygen intercalation is a thermally activated process that occurs with increasing efficiency at elevated temperatures (Grånäs et al., 2012 , Larciprete et al., 2012 . Just like for graphene on Pt, CO intercalation in the graphene/Ir system is pressure-dependent and requires pressures in the mbar regime for intercalation to occur at room temperature (Grånäs et al., 2013) .
In general, intercalation at a graphene-metal interface depends in a non-trivial manner on the graphenemetal interaction, the chemical nature of any defect sites, the partial pressure and chemical composition of the intercalating gas, the temperature.
One approach to address the problem of weak graphene-metal adhesion is chemical functionalization of the graphene layer. This approach can lead to strong binding between graphene and the underlying metal and we have studied the graphene/Ir(111) system in detail. Experiments show that hydrogen functionalization of graphene/Ir(111) leads to the formation of covalent bonds between carbon atoms in the graphene overlayer and Ir atoms in the substrate. The formation of these bonds is observed to prevent CO intercalation at the graphene-Ir interface at pressures where this process would normally be active. This is schematically illustrated in Figure 9 .
Figure 9. Schematics illustrating the resistance to CO intercalation beneath a graphene layer when the graphene sheet is chemically functionalised with H from the top side. a) 1 mbar partial pressure of CO intercalates between a pristine graphene layer and an Ir substrate (top). Functionalising the top side of the graphene sheet with H simultaneously introduces new C-Ir bonds at the backside of the graphene sheet and these new bonds prevent CO molecules from intercalating (bottom). b) Upon exposure to a background pressure of CO, while CO molecules adsorb on bare Ir, those same molecules are prevented from diffusing beneath the graphene sheet by the Hfunctionalisation scheme that tethers the graphene sheet to the Ir surface.
Galvanic corrosion
Galvanic corrosion with graphene barrier layers
Initial studies on graphene coatings highlighted structural defects in the coating, and more precisely molecular diffusion through these defects, as the main obstacles toward the use of graphene as an anticorrosion barrier. The verdict was that a graphene coating would somewhat inhibit corrosion of the underlying metal surface provided the defect density in the graphene layer could be limited (Chen et al., 2011a , Prasai et al., 2012 , Kirkland et al., 2012 .
In 2013, however, two independent studies carried out by Schriver et al. (Schriver et al., 2013) and Zhou et al. (Zhou et al., 2013a) pointed out another mechanism, which despite being well-known in corrosion science, had been overlooked in the context of graphene-based barrier coatings. The authors demonstrated that over long time scales graphene coatings in fact promote and accelerate corrosion of the underlying metal substrate. Both studies systematically compared the oxidation of bare copper and copper coated with a CVD-grown graphene monolayer, under several conditions. Schriver and coworkers exposed samples to air at (i) temperatures of 250 ˚C and 185 ˚C for short (less than 1 h) to moderate (up to 17 h) time scales, and (ii) ambient temperature over much longer (up to 2 years) time scales. At 250 ˚C (185 ˚C), the bare copper sample immediately started to oxidize, while the graphenecoated sample remained almost unchanged for the first 6 min (15 min). The authors explained that within this time-frame, diffusion of H 2 O and O 2 towards the metal surface was successfully slowed down by the presence of the graphene barrier layer. These findings indeed confirmed the short-term ability of a graphene coating to inhibit metal corrosion. However, after 17 h, both graphene coated and uncoated samples looked indistinguishable, with the copper surface heavily oxidized in both cases. It was observed that the strain induced by a thick CuO layer that had grown on the underlying Cu, led to crack formation in the substrate. An even more remarkable difference in the behaviour of bare copper and graphene-coated copper was observed when the samples were kept at room temperature. The bare copper sample displayed minor colour change after 2 years in air, owing to the development of a protective native oxide layer on its surface. On the other hand, the graphene-coated sample began to tarnish after only one month. This initial oxidation occurred only in some copper grains, while others remained protected even after several months, probably as a result of a stronger interaction of graphene with grains of certain crystal orientation (Schriver et al., 2013) . Nevertheless, after 18 months, the sample was completely oxidized everywhere, with a film of Cu 2 O covering the copper surface. The oxidation after this time was far more pronounced on graphene-coated copper compared to unprotected copper. As reported in Figure 10a , similar results were also found by Zhou et al. (Zhou et al., 2013a) . Both papers concluded that having a graphene coating is worse than having no coating at all in terms of long-term exposure to corrosive or oxidative species. The two studies are in agreement with respect to the proposed mechanism for the graphene-enhanced corrosion. In particular, while the formation of a native oxide on bare Cu eventually blocks the half-reactions needed to continue the oxidation of the bulk (Keil et al., 2010) , the presence of graphene allows electrical contact between sparsely protected regions of Cu to be maintained. Thus, where graphene is present, charge transfer to the copper bulk is maintained, which allows the full electrochemical reaction to continue unimpeded (Figure 10b ). The change in the copper surface topography was also responsible for the increase in the number of defects detected in the "aged" graphene as measured by Raman spectroscopy (Zhou et al., 2013a) . Like graphite (Zahran et al., 1996 , Sloan and Talbot, 1992 , Tucker et al., 1990 , Xu et al., 2011 , the high nobility of graphene makes it cathodic to most metals (including, for instance, copper, nickel, aluminium, magnesium, iron and steel), and promotes their galvanic corrosion (Oldfield, 1988) when in direct contact with them. Hence, prevention of galvanic corrosion is a major obstacle to be overcome if graphene coatings are to be effective as corrosion inhibitors. Although this phenomenon has been clear to the corrosion community for a long time, the reality of galvanic corrosion with graphene layers took some time to dawn on the 2D research community, as mentioned above.
Insulating two-dimensional barrier layers
Ideally, the galvanic-corrosion problem could be solved with an insulating alternative to graphene; a coating based on such a material would not induce galvanic corrosion when in direct contact with a metal substrate, but would still provide excellent impermeability. In 2013, Zheng Liu et al. (Liu et al., 2013) suggested using another 2D material, namely hBN, in lieu of graphene. In this section we will summarise research efforts that compare the use of hBN to graphene as a corrosion preventing barrier layer.
In its bulk form, hBN, is a layered material, that is isostructural and isoelectronic with graphite, with C atoms replaced by alternating B and N atoms. A single layer of hBN, also called "white graphene", is a wide bandgap semiconductor that in practice is electrically insulating (CassaboisG et al., 2016) . Firstprinciple calculations show that the permeability of a hBN sheet is comparable to graphene when it comes to diffusion of oxygen molecules (Shen et al., 2016) . It has been demonstrated that a coating that consists of a few-layers of hBN performed better than no coating at all, upon annealing of Ni, Cu and stainless steel at temperatures as high as 1100 °C (500 °C) (Liu et al., 2013) . They even used hBN to coat a film of graphene and demonstrated that graphene could survive at 1,000 °C in air for 2 min, thus increasing the thermal stability of the graphene layer by almost 500 °C. Not only does the hBN coating effectively protect the metal substrate without inducing galvanic corrosion, it is also stable to temperatures that are incompatible with graphene coatings in ambient conditions. First-principle studies can explain that hBN has a strong oxidation resistance because the energy barrier to adsorption of molecular oxygen is higher than the desorption energy (Zhao et al., 2012) . In this sense, hBN coatings may be preferable to graphene coatings for high temperature applications. Further experimental studies have confirmed the high-temperature stability of mono-and few-layer hBN. For example, Li et al. mechanically exfoliated 1 to 4 layers of hBN onto a SiO 2 substrate, and heated the sample in air at temperatures in the range of 400-870 °C . Their results show that hBN can survive temperatures up to 850 °C, even though oxidation commences in some areas already at 700 °C. Moreover, following experiments using atomic force microscopy, they reported that the oxidation initially takes place along the lines where oxygen chains are chemisorbed, and then proceeds in the direction perpendicular to these lines ).
Shen et al. (Shen et al., 2016) compared the protection performance of anticorrosive coatings made of CVD-grown single layer hBN and CVD graphene on copper foil. First, they used DFT calculations to show that both hBN and graphene exhibit resistance to O 2 permeation, with the energy barrier for O 2 diffusion through graphene being slightly higher than that for hBN, possibly due to a more uniform electron distribution in the former. Experimentally, the short-term corrosion inhibition performance was evaluated by immersing the graphene/copper and hBN/copper in HNO 3 and then carrying out PDS and EIS experiments. The PDS measurements showed that the corrosion rates of graphene/Cu and hBN/Cu were comparable. Similar conclusions were drawn from the EIS data. To test the long-term corrosion inhibition of the two different coatings, the two systems were kept in an ambient environment at room temperature with a relative humidity of around 60% for 160 days. After the test, only 10% of the hBN/Cu sample exhibited a slight colour change, whereas the graphene/Cu sample was severely degraded. Scanning electron microscopy images showed that the surface morphology of the graphene/Cu specimen was highly inhomogeneous as a result of copper oxide formation. Also the X-ray photoemission spectroscopy (XPS) data, collected after the long-term test on both samples, confirmed the superiority of hBN coatings compared to graphene coatings in preventing the formation of Cu oxides. The XPS spectra showed a Cu(II) content of 1.3 % for the hBN/Cu and a value three times higher (4.3%) for the graphene/Cu sample. These examples support the notion that while the intrinsic barrier properties of hBN and graphene are comparable, hBN is superior to graphene for long-term protection as galvanic corrosion is not an issue.
We have measured the real-time evolution of oxide species in copper samples coated with either graphene or hBN single layers grown by CVD (Galbiati et al., 2017) . Two sets of samples were subjected to two different oxidative tests. In the first one, the samples were heated continuously from room temperature to 400 °C in steps of 50 °C within a 45 min period. In the second test, the samples were kept at constant temperature of 50 °C for 60 h. The first experiment tested the behaviour of the samples upon a short but acute oxidative condition; the second experiment simulates a milder but prolonged oxidation. During both experiments, Raman spectra were continuously collected to follow the evolution of the Raman peaks originating from different copper oxides. Over a short period of time and for temperatures below 250 °C, we observe that both graphene and hBN films provided adequate protection against oxidation of Cu, with graphene even outperforming hBN, which we attributed to a higher number of defects in the CVD-grown hBN single layer. Graphene failed in the second test, producing a heavily oxidised substrate whereas hBN was a successful coating, see Figure 10c . X-ray photoemission spectroscopy and Auger electron spectroscopy confirmed the results of the real-time Raman investigations.
Hexagonal boron nitride barrier layers have also been used to protect other metals from oxidation, for instance Fe (Caneva et al., 2017) . Owing to the strong interfacial interaction between as-grown CVD hBN single layer and the Fe catalyst, oxygen and water molecules do not intercalate at the coatingsubstrate interface, allowing the metal substrate to remain pristine over almost 40 h. Beyond that period of time, Fe oxidation initiates at defective regions in the hBN film, such as grain boundaries, wrinkles, and edges, and slowly spreads across the surface, even in the regions covered by defect-free hBN. Interestingly, it was reported that the oxidized Fe areas recover the pristine metallic state after vacuum annealing at around 600 °C, although this also leads to the creation of defects within the hBN layer due to catalytic etching by the underlying Fe substrate. These findings may have implications for magnetic tunnel junctions, where hBN films could be used to preserve the metallic state of ferromagnetic electrodes during processing under oxidizing environments.
hBN is more expensive to make than graphene with the synthesis routes known today. The common precursors are much less abundant than precursors for graphene growth, and can be toxic or harmful, for example, ammonia or borazine. Until cheap, robust and effective synthesis routes are developed, hBNbased coatings are not likely to be important in the near future. Nevertheless, owing to its high thermal stability, hBN coatings may still be relevant for certain niche applications involving critical, expensive and environment-sensitive components, such as electrical circuits or sensors. (Zhou et al., 2013a (Galbiati et al., 2017 (Shen et al., 2016) , published by The Royal Society of Chemistry.
Another obvious possibility for solving the galvanic corrosion problem associated with graphene barrier coatings is to separate the graphene barrier layer from the metal substrate. If the two materials are not connected, an electrical contact (i.e., a galvanic cell) cannot be established. In this frame, placing an insulating polymer film between graphene and the metal substrate is for instance a way to avoid the formation of the galvanic cell while the same time increasing the adhesion of the graphene coating, as we recently demonstrated , see also section 2.3.
Friction, wear and tribocorrosion
Tribocorrosion can be defined as irreversible degradation of a material caused by the combination of wear and corrosion, i.e., a friction-induced damage to the film that introduces specific vulnerabilities to a material beyond those introduced by corrosion alone. Thus, reducing friction and wear between moving mechanical parts is critical to ensure their efficiency and durability.
One of the most common approaches to reduce friction is the use of lubricants. Layered materials like graphite, molybdenum disulphide and even hexagonal boron nitride have long been used for this purpose (Bartz, 1971) . It is natural therefore to wonder how thin films or even single layers of such twodimensional materials perform as dry lubricant when applied to a metallic substrate. Although graphene does reduce the friction coefficient of the substrate, it was also found that the frictional behaviour of graphene and graphite are quite different, despite the identical chemical structures. For instance, nanoscale investigations carried out with atomic force microscopy showed that the friction force between the probe and the top layer of graphene decreases with increasing number of graphene layers (Lee et al., 2009b) . Further experimental studies confirmed this behaviour, and although several explanations have been suggested (Lee et al., 2009a , Filleter and Bennewitz, 2010 there is no consensus thus far. Moreover, the static friction force of single layer graphene gradually increases for a few initial atomic periods until a constant value is reached, and that it diminishes with an increasing number of graphene layers. By interpreting experiments performed with atomic force microscopy in relation to theoretical simulations within a molecular dynamics framework, Li and co-workers argued that the observed phenomenon is due to the natural tendency for thinner graphene coatings to change configuration. In this picture, AB-stacked multilayer graphene (or graphite) is more rigid and is less likely to respond mechanically to external pressures and forces, which in turn reduces the frictional force (experimental data reported in Figure 11a ,b).
Even though the abovementioned studies show that the bulk counterparts seem to provide lower friction than the related single layer structures, it is evident that the latter can still decrease friction of coated substrates. For instance, Kim et al. studied the friction properties at the microscale of graphene grown via CVD on Ni and Cu both before and after transfer onto SiO 2 substrates using a home-built microtribometer (Kim et al., 2011b) . They also investigated the adhesion of graphene samples at the nanoscale by using a commercial AFM setup. They found that the graphene grown on nickel (i.e. a multilayer film) and transferred onto SiO 2 had a coefficient of friction comparable to that of bulk graphite, and lower than that of graphene grown on copper (i.e. a single layer), after transfer to SiO 2 (Figure 11c ). Regarding the adhesion tests, the authors showed that the pull-off force between the probe and the SiO 2 substrate decreased due to the presence of graphene both in the case of the micro-tribometer and AFM measurements. Furthermore, the effect of graphene on the pull-off force was influenced by the material and/or shape of the probe. In particular, when measuring on the same sample, the authors noticed that the pull-off force measured in the micro-tribometer was different for fused silica or a polymeric probe, and different for tips with 50 nm or 150 nm radius in the AFM measurements.
Interestingly, Shin and co-workers demonstrated that the friction properties of graphene can be modified by altering the density of defects (Shin et al., 2011) . They carried out tests on graphene with or without oxygen plasma treatment. Graphene subjected to oxygen plasma treatment presented a higher number of defects, which resulted in a more intense D peak in Raman spectroscopy. Their results showed that the friction coefficient of pristine graphene is smaller than that of graphene treated with oxygen plasma. This is clearly a disadvantage for the application of graphene as friction-reducing coating. Indeed, if during usage, the graphene coating becomes degraded by inclusion of an increased number of structural defects, the friction coefficient is likely to increase.
While there are no detailed studies on the subject of the hBN tribocorrosion as of yet, hBN has been found to provide a lubricating effect with respect to the underlying metal substrate. As shown in Figure  11d ,e, friction force experiments performed with an atomic force microscope showed that monolayer hBN, grown via CVD, reduced the friction force of copper more than 40-fold for a wide range of applied normal forces, and at pressures as high as 46 MPa . . c) Friction coefficients measured for a number of graphene samples. From Ref. (Kim et al., 2011b .
Commercial challenges
The lab -reality gap
There is a considerable focus on innovation with respect to graphene barriers for corrosion protection, as indicated by the tens of thousands of patent applications filed so far Source Google Patents; keywords "Graphene corrosion" and "Graphene barrier coating". However, we would like to stress that the studies reported above were performed in laboratories, with techniques and conditions that are well-suited for fundamental investigations, but less relevant in terms of realistic working conditions. Generally, such investigations alone cannot predict how 2D materialbased barrier coatings will perform with realistic loads in poorly controlled harsh environments, not to mention on realistic metallic parts with non-uniform surfaces and shapes. 2D materials certainly exhibit outstanding mechanical properties relative to their thickness, yet in absolute terms they are invariably brittle and easily damaged. Since continuity and integrity of anticorrosive coatings are crucial parameters for ensuring an effective and long-lasting protection of the coated subject, scratches, cracks and pinholes upon wear will reduce the commercial relevance of these coatings significantly; these issues need addressing.
As neither graphene nor hBN possess all the many diverse and sometimes conflicting properties that are required to effectively protect a metal subject in harsh environments during actual use, it is obvious to turn to hybrid coatings where the two-dimensional materials are coupled with other functional layers made of, for instance, polymers, ceramics (Sagade et al., 2017) or other materials. In this scenario, the 2D materials will provide the barrier function, while the other layers will cover other requirements. While not presenting a final solution to this complex problem, we recently demonstrated the potential of hybrid polymer-graphene coating for corrosion protections . Polymer films can indeed be made with vastly different physical properties, and are generally straightforward to apply to subjects through for example spin-coating, dip-casting or spray-coating. Thus, combining graphene with polymer films could lead towards effective and long-lasting coatings, where 2D materials are protected from wear-and friction-related failures while significantly improving the overall barrier properties of the coating. The general concept of multilayer hybrid coatings can easily be extended to ceramic or other inorganic materials (Ali et al., 2009 , Tan et al., 2005 , Figueira et al., 2015 .
Roadblocks
For continuous, graphene-based corrosion barriers to become successful as a technology, we find that there are numerous potential challenges and roadblocks needed to be overcome:
1. Availability of continuous graphene. Availability of graphene is still limited, especially when it comes to production on large, continuous areas at reasonable costs. Today graphene can be fabricated in large amounts, as demonstrated by the Chinese manufacturer Moxi group (Xiao et al., 2016) , but there is still no vendor or source of continuous sheet graphene in sizes relevant for most barrier coating applications, and certainly not at any competitive price point. While this may change in the near future, this is a serious concern for current-day businesses and investors. It is critically important to establish credible pathways to large-area, high quality graphene at a reasonable cost. 2. Large area transfer. For corrosion barrier strategies that involve transfer of graphene (Prasai et al., 2012) , the transfer processes in use today are not sufficiently well-developed. While demanding substrates could include curved and rough surfaces, transfer processes even onto clean, flat surfaces are difficult without introducing damage to the graphene layer. For corrosion barriers, the coverage of graphene is obviously important, even with multilayer hybrid coatings as discussed in section 2.3. The demands of high throughput, high quality, low cost for large-scale transfer process onto industrially relevant surfaces are not fulfilled at this point, even though some progress have recently been made in this direction (Morin et al., 2017) . 3. Low-temperature growth. The alternative to transfer is direct growth (onto target substrate), and despite the results presented in section 2.1, it is clear that there is much more work to be done; also, the downside of direct growth is that the synthesis conditions are unlikely to be the same for all metals and surfaces, which suggests that a universal low-temperature synthesis strategy is not around the corner. 4. Inertia of coating industry. There is a development gap between research models and commercial models for graphene, and with a large number of barrier coating technologies on the market, introducing a novel class of technologies based on 2D materials is not straightforward. The performance of graphene coatings have to not just match, but significantly exceed any conventional coating in a certain application area or niche, to penetrate the market. Businesses that already manufacture standard coatings are unlikely to adopt radically new coatings technologies without demonstration of superior performance or lower cost, and here it is important to note that performance of a corrosion barrier technology is a lengthy process. While the price of graphene is likely to drop continuously in the coming years, it may be wise to focus on niche or high-end applications at first, where the unique properties of graphene barriers (i.e. impermeability of undamaged, continuous films) balance out the higher cost. 5. Adaptation to specific applications. Commercial barrier coatings are diverse and application specific; graphene, on the other hand, is a single material. The diversification of graphene-based barriers may be considered a challenge as well. While the totality of barrier technologies covers a very wide range of metallic, ceramic and polymer coatings with vastly different chemical and mechanical properties, graphene and hexagonal boron nitride are nearly identical materials, apart from the electrical conductivity. Here, the hybrid coatings discussed in section 2.3 provides a platform for creating more specialised barrier coatings, where the function of graphene is focused on preventing diffusion between the metal and the environment. 6. Safety (especially for food packaging). As a nanomaterial, graphene is often seen as a potential hazard, and this is often unjustified. Graphene powders, sometimes used in composite coatings, are a health concern, as suspended particles in air are considered to be the most imminent risk factor (Park et al., 2017) . Few-layer continuous graphene films adhering to a surface are likely to present a minimal safety issue but more research is nevertheless required to identify fragments after coating breakdown that may pose health risks.
Summary
In this topical review, we discuss recent progress on protective coatings based on graphene and hexagonal boron nitride. The activity in this research topic is substantial, as reflected by the rapidly growing number of articles, citations and patents. As per october 2018, the searchable database "google patents" yields ca. 24000 hits for "graphene transistor", and 25000 for "graphene corrosion", while "((graphene) AND ((corrosion) OR (barrier)))" gives more than 45000. A similar pattern is found in other searchable patent databases. Despite the clear potential of 2D materials as protective coatings, a number of roadblocks and challenges must be dealt with before reaching the market (Cui et al., 2017) . To the best of our knowledge, none of the continuous 2D material barrier systems prepared in laboratories offers a market-ready solution. In this review, we have focused on the obstacles keeping 2D material coatings from developing into products, as well as possible solutions to mitigate them, loosely divided in three categories. These are challenges related to the fabrication of a 2D coating on realistic and relevant substrates; challenges that induce failure of such ultra-thin coatings, such as poor adhesion, intercalation, delamination, galvanic corrosion, damage induced by wear and friction; and challenges that these coatings will face on the path from laboratory to commercialization.
We find that a general route to overcome many of these issues is to combine 2D and 3D materials in hybrid or compound coatings, i.e. by combining 2D materials with polymers or ceramics (Sagade et al., 2017) . When embedded in a polymer coating, a 2D material may provide the barrier function, while the other layer(s) will offer other functionalities needed for an effective and longlasting protection. Such coating would have the advantages of a polymer coating (easy to apply, strong adhesion to the substrate, scratch-resistance), and protect against galvanic corrosion (when an insulating polymer is used), yet with superior barrier properties due to the presence of one or more continuous 2D sheets. In addition, with the extensive library of well-known polymer materials fitting a wide range of functionalities, even more advanced hybrid coatings than those introduced in our recent study ) might be envisioned, combining different polymers or even ceramics with properties customised to serve different functions in the coating.
